ABSTRACT Cells of Escherichia coli containing the plasmid F were 7-irradiated with various doses to introduce determined numbers of single-strand breaks in the F DNA. The cells were then incubated to permit repair of the breaks while DNA gyrase was inhibited with coumermycin to limit restoration of any relaxed supercoils. Repaired, covalently continuous F DNA was isolated and its superhelical density was measured by two different methods. Both indicated that a major part (50-60%) of the negative superhelical turn's were maintained in the repaired molecules, suggesting that the supercoils are restrained in vivo.
In eukaryotic chromatin and chromosomes, the first order of DNA packaging seems to be attained via the nucleosome structure (for reviews, see refs. 1 and 2). The double-helical DNA in this particle is coiled through its interaction with the core histones into about 13/4 toroidal superhelical turns per core nucleosome (3, 4) . Prokaryotic DNA has superhelical densities similar to those found in eukaryotes (5, 6) , but thereis no clear evidence for restraint of the supercoils in structures analogous to the nucleosome. Histone-like proteins are found in prokaryotes (7, 8) , and their mode of interaction with DNA in prokaryotic chromosomes may have some similarity with nucleosomic histones (8, 9) . Also, beaded structures having the appearance of nucleosomes have been seen in an electron microscope study of DNA from partially lysed bacteria (10) .
However, pure DNA can spontaneously form beaded structures in certain solvents (11) , and electron microscopic evidence alone cannot be considered sufficient to establish the existence of the prokaryotic equivalent of a nucleosome.
DNA gyrase seems to play a vital role in forming DNA supercoils in prokaryotic chromosomes. This enzyme can catalyze an ATP-driven reaction that has the topological effect of decreasing the linking number between the two continuous strands of a DNA double helix, thereby introducing negative superhelical turns into the DNA (12) . When the DNA gyrase is inhibited by coumermycin (or oxolinic acid) in intact Escherichia coli cells, X DNA molecules, which are converted in vivo to the covalently circular form, attain only a small fraction of their normal superhelical density (13, 14) . This result indicates that the DNA gyrase activity is necessary for the formation (or the maintenance or both) of at least part of the DNA supercoils in prokaryotic cells. Thus, it seems possible that, in viwo, supercoils in prokaryotic DNA may not be stabilized by a nucleosome-like structure and that the Major reason for both the formation and maintenance (15) of DNA supercoils is the activity of DNA gyrase. Other alternatives include the possibility that DNA supercoils catalyzed by the DNA gyrase are subsequently restrained in a nucleosome-like structure by interactions involving molecules other than DNA gyrase (9) . These two alternatives differ in that in the former case the double helix
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with (17) . After irradiation, the 32p-labeled cells kept at 0C were divided into several parts. Portions in which DNA repair was to be allowed were added to a one-third volume of cold 3X concentrated medium with or without coumermycin (final cell concentration, 2 X 109/ml) and incubated for 4 min in a 370C shaker bath. Cells were then chilled to 00C, transferred to Tris/NaCl as described above, and mixed with 3H-labeled unirradiated control cells.
Fractionation of F DNA. Bacteria were lysed with lysozyme/sodium dodecyl sulfate; the DNA was lightly sheared and incubated with proteinase K as described by Womble et al. (18) . CsCl and propidium iodide were added to final concentrations of, respectively, 1.55 g/cm3 and 300 Mg/ml, and the solution Abbreviation: ccc DNA, covalently continuous circular DNA.
was centrifuged for 48 hr at 40,000 rpm and 200C in the Ti 50 angle-head rotor of a Beckman ultracentrifuge. Fractions were collected from the bottom; measured samples were incubated with 0.1 M NaOH to hydrolyze 32P-labeled RNA and the DNA was precipitated with 5% trichloroacetic acid and collected on glass-fiber filters by described procedures (19) . The radioactivity on the filters was then measured in a scintillation counter. In preliminary experiments using ethidium bromide/CsCl gradients it was necessary to reband the F DNA; however, the propidium/CsCI gradients provided sufficient resolution that additional purification was not required (20) . The isolated, covalently continuous F DNA was separated from propidium by repeated extractions with n-butanol and dialysis against Tris/NaCl containing 1 mM EDTA.
Number of Breaks per F DNA Molecule and Repair Efficiency. Immediately after irradiation, a portion of the cells was lysed and the DNA was fractionated in a propidium/CsCl gradient. The fraction of 32P-labeled F DNA molecules having one or more breaks introduced by the -y-irradiation (denoted Fb) was calculated by reference to the 3H-labeled, internal control, unirradiated DNA as Fb = 1 -Rf/Rm, in which Rf and Rm are, respectively, the 32P:3H ratios of the total radioactivity in the covalently continuous F DNA band and in the main band E. coli DNA. This calculation assumes that the amount of F DNA is small compared to the E. coli DNA and that the recoveries of both the 32P-and 3H-labeled DNAs do not differ.
The average number of breaks per F molecule (B) was then calculated by using Poisson statistics from B = -ln(l -Fb). B increased nearly linearly with irradiation dose within the range that could be measured (B < 3) (data not shown). For higher doses, values of B were calculated assuming linearity. After the irradiated cells were incubated to allow DNA repair, the repaired F DNA fraction was calculated as F(repaired) = Fb(after repair) -Fb(before repair).
Enzymes and Chemicals. Samples of coumermycin Al were gifts of ). Davies (University of Wisconsin) and W. Minor (Bristol Laboratories). Coumermycin was dissolved at a concentration of 10 mg/ml in dimethyl sulfoxide. The eukaryotic nicking-sealing enzyme isolated from wheat germ was a gift of J. Jendrisak (University of Minnesota).
RESULTS
DNA Repair in Presence of Coumermycin. The experiment described in Fig. 1 shows that in the presence of the antibiotic coumermycin there is efficient in vivo repair of breaks introduced into F DNA molecules by y-irradiation. After an irradiation dose sufficient to introduce at least one single-strand break in >96% of the F plasmids (see Table 1 and Fig. 2 ), it is possible to repair all breaks in 40-50% of the molecules within 6 min of incubation. Repair of remaining breaks occurs more slowly and, with this radiation dose, it was possible to complete the repair in no more than 70% of the molecules. The concentration of coumermycin (200,ug/ml) was sufficient to inhibit incorporation of [3H]thymidine into DNA of unirradiated cells to less than 3% of the control rate within 6 min ( Fig. 1) , indicating that the DNA gyrase was strongly inhibited (13, 14) . In other experiments similar to that of Fig. 1 it has been demonstrated that the rates and extents of repair are identical in the presence and absence of coumermycin (see, for example, Fig.  2 ).
Superhelical Density of Repaired DNA. To estimate the superhelical density of repaired F DNA molecules, we extracted the DNA from the irradiated cells and centrifuged it to equilibrium in CsCl/propidium iodide density gradients (Fig. 2) .
In these gradients, covalently continuous circular (ccc) DNA molecules can intercalate less propidium than nicked or broken held for 1 min at 0C. This concentration of coumermycin is saturating; the solubility limit is in the range 90-150 pg/ml. At time zero, the culture was placed in a 370C shaker bath; at later times, 1-ml samples were removed, chilled to 00C, and mixed with 3H-labeled unirradiated cells. Covalently continuous F DNA was purified on propidium iodide/CsCl gradients (see Fig. 2 ) and the percent of repaired F DNA was determined (A). In another experiment, unlabeled unirradiated cells were processed as described above and mixed with either 200 tg of coumermycin per ml (0) or no coumermycin (@). At various times after being placed in a 370C bath, 0.4-ml samples were removed and incubated for 30 sec at 370C with 5 jACi of [3H]thymidine; then cold 5% trichloroacetic acid was added. Acid-precipitable [3H]DNA in each 0.4-ml sample was determined as described (21) . molecules and, therefore, band separately at denser positions. The irradiation dose was sufficient to nick greater than 95% of the F DNA molecules (Fig. 2B) ; however, after 4 min of incubation in the presence of coumermycin, about 40% of the molecules were repaired (Fig. 2C) . These molecules had a buoyant density displaced about 40% from normally supercoiled F DNA toward ccc relaxed DNA. Because the buoyant density of negatively supercoiled DNA molecules is directly proportional to their superhelical density in density gradients of this type (22) , this finding indicates that the F DNA molecules repaired in the presence of coumermycin retained about 60% of their supercoils.
Fractions containing the 32P-labeled, repaired F DNA and the 3H-labeled covalently continuous unirradiated F DNA were pooled. The DNA was purified and resedimented on sucrose gradients containing various amounts of ethidium bromide (Fig.   3 ). Both DNAs exhibited the biphasic transitions in sedimentation rate (23) characteristic of supercoiled DNA (Fig. 4) . The control, 3H-labeled DNA had a minimal sedimentation rate in the presence of 2 ,ug of ethidium bromide per ml; the repaired DNA had its minimum at about 1.0 ,ug/ml. In these experiments the concentration of radioactive F DNA in each sucrose gradient was very small (<0.1 ,ug/ml) so that the amount of intercalated ethidium was small compared to that in free solution. The results therefore indicate that the F DNA repaired in the presence of coumermycin required about half the ethidium to relieve its negative superhelical tension compared to that required by the control DNA. These findings indicate, in agreement with those shown in Fig. 2 , that the repaired DNA retained about half its supercoils. The repaired DNA sedimented in the presence of 0.6-1.3,g of ethidium bromide per ml had a broad sedimentation profile (Fig. 3B) , indicating that there was heterogeneity in the superhelical density of these molecules; however, the sedimentation profiles clearly show Biochemistry: Pettijohn and Pfenninger that there were few, if any, repaired ccc F molecules that lost all or none of their supercoils (Fig. 3 ).
An important detail of the experiment described in Fig. 2 was the minimal repair time (4 min). We have observed that incubation of unirradiated KL-25(F+) with coumermycin causes a progressive loss of supercoils in the F DNA (unpublished results). The effect is analogous to that found with the supercoiled E. coli chromosome (15) . After about 30-50 min of incubation with coumermycin, the remaining superhelical density of the isolated F DNA reached a minimum at about 10-20% of the initial value, and these molecules were almost as dense in propidium/CsCl gradients as the F DNA relaxed in vitro with nicking-closing enzyme. The initial rates of relaxation of F DNA at 370 were within the range of rates shown in different E. coli strains for the bacterial chromosome (15) . However, when the incubation with coumermycin began at 0°C and was confined to 4 min (as in the standard protocol of Fig. 2) , the temperature of the culture did not reach 37°C and the coumermycin-induced relaxation was negligible in unirradiated cells (Fig. 2E) . Thus, to avoid possible complications of any direct effects of coumermycin on covalently continuous DNA we carried out the repair experiments within a time period short enough to minimize the direct effects of coumermycin on DNA supercoiling but long enough to allow efficient repair of DNA breaks.
Any direct effects of coumermycin would result in underestimation of the number of supercoils restrained in the F DNA.
Variations in Protocol for Inactivating DNA Gyrase. The possibility was considered that the supercoils present in F DNA repaired in the presence of coumermycin may be attributable to partially inactivated DNA gyrase. Although an earlier result indicated that inactivation of DNA synthesis by coumermycin was nearly complete (Fig. 1) , it is not certain that complete inhibition of DNA gyrase is required to block DNA replication. Therefore, the experiment of Fig. 2 was repeated with 32p-labeled cells that had been preincubated for 5 min at 37°C with 200 jig of coumermycin per ml before irradiation. Repair after irradiation also occurred in the presence of coumermycin. As described above, the preincubation at 37°C with coumermycin resulted in the loss of about 30-40% of the supercoils in the unirradiated F DNA; however, when this DNA was subsequently irradiated and repaired, its buoyant density in propidium/CsCl gradients was not changed significantly relative to its value before irradiation (data not shown). This experiment indicates that a more stringent inhibition of DNA gyrase does not increase the number of supercoils relaxed after the F DNA is nicked and rejoined. Also, when the duration of the repair incubation was varied from 2 to 5 min (as in Fig. 1) , there was no detectable difference in the superhelical density of the re- paired DNA, as might have been expected if partially active gyrase had been functioning with varied activities during the different incubations. Thus, we can find no evidence for partially active gyrase influencing the results; however, we cannot rigorously exclude the possibility.
Preliminary attempts to substitute oxolinic acid as an inhibitor of DNA gyrase have failed because in two trials the oxolinic acid, unlike coumermycin, inhibited repair and single-strand breaks accumulated in F DNA when KL-25(F+) was incubated with oxolinic acid.
Variation of Number of Nicks per F DNA Molecule. The experiment of Fig. 2 was repeated with different irradiation doses so that the average number of single-strand breaks per F DNA varied between 1 and 7 in different experiments. The superhelical density of molecules repaired in the presence of coumermycin was essentially independent of the initial number of breaks (Table 1) . In these experiments, the number of breaks per F DNA molecule and the superhelical density of repaired DNA were determined as described in Materials and Methods. At the lower doses, the latter figures must be considered rough approximations because there was background due to F DNA that was intact after irradiation. At the higher irradiation doses, only 40-50% of the nicked molecules were repaired and these may selectively be molecules with minimal numbers of hits. Yet even in the worst case, where only 40% of the Poisson distribution with the smallest hit number were repaired, the average number of hits per repaired molecule would be about 4.1 at the highest dose. The near independence of superhelical density on the number of breaks indicates that the supercoils retained in the repaired DNA are not attributable to a segregation of the F DNA into a few domains in which supercoiling is independently relaxed, as can occur in the E. coli chromosome (17, 24 (25) , transcription (26) , and some forms of DNA repair (27) (7) (8) (9) and that the nucleosome-like structures are relatively unstable (10 
